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A 2D photonic crystal optical switch is proposed based on a rods-in-air square-lattice photonic crystal

by removing two cross-lines of rods from a 2D square-lattice photonic crystal to form four optical

channels. The simulation results show that, when inserting a single rod along the diagonal line of the

intersection area of two removed cross-lines of rods, the position of the single inserted rod determines

how much incident energy goes into different channels. In the case of transverse magnetic (TM)

Gaussian point source, time domain simulation shows that up to 87.3% of the incident energy can be

switched into a channel, which is vertical to the source channel. Because there are two diagonal lines in

the intersection area of two removed cross-lines of rods, the optical switch feature is achieved by

shifting the inserted rod between two diagonal lines. It is also found that the magnitude of the reflected

wave in the source channel varies greatly with spatial position of the single inserted rod. The larger the

magnitude of the reflected wave in the source channel, the less the energy that goes into the switched

channel. The time delay between the incident wave and the reflected wave in the source channel is also

related to the position of the single inserted rod. In addition, the large time delay between the incident

wave and the reflected wave in the source channel shows that the reflected wave encounters many

reflections with the walls of the source channel, instead of waves reflected back from the single

inserted rod.

& 2009 Elsevier GmbH. All rights reserved.
1. Introduction

The photonic crystal (PhC) concept was proposed in 1987
[1,2], and the first 3D experimental photonic crystal with full
band gap was manufactured in 1991. The remarkable property
of PhC is the existence of the band gap in the PhC bulk. The
modes in the band gap could not propagate through the bulk of
PhC. The existence of a band gap, which classical optical
materials do not have, results from the periodic structure of
PhC. Due to the existence of this band gap, PhC has special
properties such as cavity, superprism, negative refraction, non-
linear property, and magneto-optical Faraday effect. Conse-
quently it provides many new potential applications such as
fiber, waveguide, add-drop multiplexer, superprism, switch, and
heterostructures device.

The PhC switch function is realized by changing the index of
PhC by heating [3,4], changing conductance of semiconductor
in the PhC structure [5], changing design parameters of the
PhC structure [6], inserting different PhC structures into optical
network with microelectromechanical (MEMS) technology
[7–10], changing the incident angle [11], and changing Kerr
H. All rights reserved.
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coefficient in the PhC cavity [12–16]. A 2D rods-in-air square-
lattice photonic crystal optical switch is proposed and discussed
in this paper. It is constructed by removing two cross-lines of rods
from a 2D square-lattice photonic crystal and then inserting a
single rod along the diagonal line of the intersection area, which is
formed by two removed cross-lines rods. The optical switch
feature is realized by shifting the position of the single inserted
rod between the two diagonal lines. When the TM Gaussian
mode propagates from the left channel, the incident energy is
distributed to different channels with the change in the position
of the single inserted rod. The incident energy going into the
upper channel is greater than that going into the right and the
down channels when the position of single inserted rod is on
one diagonal line of the intersection area. Because of the 2D rods-
in-air square-lattice PhC switch is a symmetric structure, where
there are two diagonal lines in the intersection area. When
the single inserted rod shifts to another diagonal line in the
intersection area, the incident energy going into the down channel
is much more than that going into the right and upper channels.
Through jumping of a single inserted rod between two diagonal
lines in the intersection area, the incident energy is switched to
the upper or down channel.

A practical method to fabricate this 2D rods-in-air square-
lattice photonic crystal optical switch is MEMS technology [8,17].
This 2D rods-in-air square-lattice photonic crystal structure and
lattice photonic crystal optical switch, Opt. Int. J. Light Electron.
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other similar structures were also investigated by simulations
and experiments from other perspectives, for example, beam
splitter and cross-talk [18–25]. Here, it is discussed with more
details from the perspective of an optical switch application.
The distribution of light among channels is the emphasis of this
investigation and hence time domain simulations run two-
dimensionally. Because the real optical switches are 3D devices,
the loss of light out of the 2D PhC plane is the primary concern for
the application of this 2D planer optical switch. One possible
approach to constrain this light loss out of 2D PhC plane is to
position a 2D optical switch between Bragg mirrors, cladding
layers [4,26].
Y
Ø0.4a

2a
point source

left 
detector

a

a

Fig. 1. Top view of 2D rods-in-air square-lattice PhC optical switch. Areas close to

the source and the inserted rod are separately enlarged as two small figures on the

right side. Solid circles represent high-index material (er=12). The entire

simulation area is 20a�40a. Note that x-axis is toward the left, y-axis down,

and z-axis vertical to paper pointing away from readers. The origin is located at the

center of cross-area, as indicated. In the small right-up figure, the diagonal line is

represented as dash line, from (�7, �7) to (7, 7). Another diagonal line, from

(�7, 7) to (7, �7), is not depicted in this figure.
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Fig. 2. TM band diagram of square lattice photonic crystals with lattice constant a.

The diameter of rod is 0.4a and the dielectric constant of rod is 12a. The 1st TM

band gap frequency is from 0.28c/a to 0.42c/a, where the frequency unit is

represented as c/a, and c is the speed of light in vacuum.
2. Simulation

Fig. 1 shows the top view of a 2D PhC optical switch with a
rods-in-air structure. It is produced by removing two vertical and
horizontal lines of rods from a square-lattice PhC. The lattice
constant of PhC is a. The rod represented by the solid circles in Fig.
1 is a high-index cylinder with diameter 0.4a. The dielectric
constant er of the high-index rod is 12, corresponding to silicon at
a wavelength of 1500 nm. The frequency property of the 2D
square-lattice PhC was simulated by the MIT Photonic-Bands
(MPB) software. Its method to calculate Maxwell’s equations is the
block-iterative frequency-domain methods [27]. After simulation,
it was found that the 1st TM band gap (Fig. 2) is from frequency
0.28c/a to 0.42c/a, where the frequency unit is represented as c/a,
and c is the speed of light in vacuum.

During the simulation, the coordinate is established as follows:
the original point is at the center of the two removed lines as
shown in Fig. 1, the x-axis is toward the left, the y-axis is down,
and the z-axis is vertical to the paper and points away from the
readers. The length of unit is lattice constant (a) of PhC. The time
domain simulations were designed as follows: a point source
was positioned in the left channel at (�8, 0), and emitted light
uniformly in the x–y plane. It sent a TM Gaussian pulse with a
center frequency of 0.35c/a and a pulse width of 20a/c. TM wave
means that electric field intensity E has non-zero component only
in the z-axis, i.e. Ex=0, Ey=0, and Eza0. Since the electric field
intensity E and magnetic field intensity H are always perpendi-
cular to each other, Hxa0, Hya0, and Hz=0. Four detectors with
length 2a were vertically positioned at four channels. The centers
of four detectors are (�7, 0) for left detector, (7, 0) for right
detector, (0, �7) for upper detector and (0, 7) for down detector.
Each detector accumulates the net energy flow that flowed in the
corresponding channel. Each detector is assigned a direction,
which designates its direction of positive energy flow. When an
energy flow passes through a detector along its direction, this
energy flow is considered as positive energy flow. If an energy
flow passes through a detector opposite to its direction, this
energy flow is considered as negative energy flow. When
reflection phenomena exist during the simulations, light passes
through a detector from both sides. By the end of simulation, a
detector accumulates the net energy along the detector’s direc-
tion, i.e. the sum of positive energy flows minus that of the
negative energy flows. The directions of the four detectors are
positive direction of the x-axis for the left and right detectors,
negative direction of the y-axis for the upper detector, and
positive direction of the y-axis for the down detector. All detectors
are transparent to light, i.e. no influence to propagation of light.
An additional high-index (er=12) single rod with same geometric
property (diameter=0.4a) was inserted along the diagonal line
segment of the intersection area of two removed cross-lines of
rods. The intersection area is a square with four vertexes, (1,1),
(1, �1), (�1, �1), and (�1,1). This diagonal line segment starts at
Please cite this article as: H.Z. Wang, et al., A 2D rods-in-air square-
Opt. (2010), doi:10.1016/j.ijleo.2009.06.002
(�0.7, �0.7) and ends at (0.7, 0.7). The simulation results
illustrate that the position of the single inserted rod controls the
quantity of light entering the different channels. The time domain
simulations were implemented by software MEEP. MEEP uses
the finite-difference time-domain (FDTD) method to implement
electromagnetic field computations. The entire simulation area is
20a�40a. A perfectly matched layer (PML) with a thickness of
one lattice constant was the inside wall for the entire simulation
area. In simulations, application of PML boundary condition
absorbed numerical reflections at the boundary of computational
area and consequently provided an accurate solution [28]. The
simulation ran 500 time unit (a/c) in order to make the light
disappear by the end of the simulation.
lattice photonic crystal optical switch, Opt. Int. J. Light Electron.
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3. Results and discussions

Fig. 3 shows a snapshot of electric field intensity (Ez)
distribution in 2D PhC optical switch at time 106a/c. This
snapshot shows that most incident energy goes into the upper
channel. Even though only Ez is illustrated in Fig. 3, this snapshot
also represents the energy flow. This is because the energy flow of
the EM wave is expressed by the Poynting vector p=E�H.
Moreover, light propagation is the result of interaction between
the electric and magnetic fields. Hence, electric field E and
magnetic field H overlap in space and time. Energy flow was
measured by the net energy flowing out of the PhC for the right,
upper, and down channels, and flowing in of the PhC for the left
channel. Fig. 3 also demonstrates that some light propagates
inside the PhC rather than inside the channels. The energy flow
that propagates inside PhC could not be counted by the detectors
since the length of detectors is 2a.

The relation between net energy flow in each channel and the
position of a single inserted rod is shown in Fig. 4, where the x-
axis is the position of the single inserted rod, the y-axis is the ratio
of the net energy flow in channels after unification with incident
energy to the left channel, which, in fact, is the positive energy
flow of the left detector. In Fig. 4, the ratio of net energy flow of
the upper channel follows that of the left channel. When the
position of the single inserted rod is far away from the center
(0, 0), much of the incident light along the left channel goes into
the upper channel. When the single inserted rod is close to the
center (0, 0), less of the incident light enters the upper channel.
Indeed, much of the incident light from the left channel is
reflected back into the left channel under such case. This
similarity of the net energy flow ratio in both left channel and
upper channel indicates the control effect of this 2D rods-in-air
PhC structure on the incident light from the left channel. The
maximum net energy flow ratio of the upper channel, 87.3%,
occurs when the distance is 1.98a (0.4, 0.4). The minimum energy
ratio of the upper channel is only 2.5%, corresponding to a
distance of 1.41a (0, 0). It should be pointed out that the point
source sent one half of the total source energy along the negative
x-axis and another half of the total source energy along the
positive x-axis in the left channel. The first half of the total source
energy, heading into negative x-axis, is absorbed by the PML
Fig. 3. Snapshot of Ez during the simulation (at time of 106a/c) when the single rod

is inserted at (�0.5, �0.5). The red color represents positive Ez, the blue color

negative Ez. The deep color means the larger magnitude of Ez, i.e. |Ez|. Some light

detours (indicated by dotted circles) the detectors and could not be accumulated

by the detectors. For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.

Please cite this article as: H.Z. Wang, et al., A 2D rods-in-air square-
Opt. (2010), doi:10.1016/j.ijleo.2009.06.002
boundary condition when it impinges the boundary of simulation
area. This half of the total source energy did not pass the left
detector and is beyond discussion. Another half of the total source
energy, which propagates along the positive x-axis, is the incident
wave of the left channel. The contrast between the maximum and
minimum energy flow ratios is 35.

It is also shown in Fig. 4 that the curves of the net energy flow
ratio between the left channel and the upper channel are very
close, with less than 5% difference of the net energy flow ratio, in
the distance range of 1.8a–2.0a. This demonstrates that more light
from the left channel goes into the upper channel when a single
rod was inserted in the distance range 1.8a–2.0a. Consequently,
the switching efficiency of the optical switch in the distance range
1.8a–2.0a is the highest among the entire range of distance. In the
case of no single inserted rod, the ratio of energy flow distributed
among channels is 77.2% for the left channel, 30.0% for the right
channel, 22.2% for the upper channel, and 22.2% for the down
channel.

From simulation results of Fig. 4, it is concluded that not all
light propagates inside the channels. This is because the sum of
the net energy flow ratio of the upper, right, and down channels
is not the same as that of the left channel. This difference in the
net energy flow is under 5% and also associated with the
position of the single inserted rod. For light whose state is in the
band gap of the bulk of PhC, it is safe to conclude that it could
not pass through the bulk of PhC. It, however, must enter a
small depth of the PhC when it propagates around the bulk
of the PhC. In simulations, a small amount of light always
propagates inside the PhC rather than inside the channels
(Fig. 3). Because the detectors’ length is 2a, detectors only count
the energy flow inside the channels. This means that the
detectors do not count all the energy flow in the optical switch.
A small amount of light detours the detectors without leaving
any trace on the detectors.

The position-dependent net energy flow of the left channel is
valley-shaped due to the various reflections in the left channel
(Fig. 4). In our simulations, it is the net energy flow that is
collected by the directional detectors. The left detector, whose
direction is positive direction of the x-axis, counts the energy
flow of the reflected wave as negative energy flow because the
reflected wave passes through the left detector along the
negative x-axis. The more powerful the reflected wave, the
more negative energy flow the left detector collects. Assuming
that the incident wave is same, the left detector consequently
counts the less amount of net energy flow. The highest intensity
of reflected wave in the left channel occurs when a single
inserted rod is located at (0, 0). As a result, the minimum ratio of
net energy flow of the left channel, 28.0%, corresponds to the
location of the single inserted rod (0, 0). When the single
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inserted rod is away from the location (0, 0), there is a weak
reflected wave in the left channel. So, the left detector counts
more net energy flow since a weak reflected wave has a less
negative energy flow. This variable reflection of light is the
reason for the valley shape of net energy flow ratio of the left
channel. Obviously, this alterable reflection results from differ-
ent positions of the single inserted rod.

The plots of Ez vs. time at point (�7, 0), which is the center of
the left detector, are evidence that reflection wave exists. Fig. 5(a)
corresponds to the case of distance of 1.41a, in which the net
energy flow of the reflected wave of 72.0% exists, based on the
above analysis. In Fig. 5(a), the amplitude of the reflected wave is
nearly the same as that of the incident wave. Both the incident
wave and the reflected wave are clearly separated by a time delay
of 40a/c. In Fig. 5(c), the case for distance 0.42a, the reflected wave
is mixed together with the incident wave. According to the
previous analysis of this case, the energy flow of the reflected
wave is 28.7%, which is smaller than that of the case for distance
1.41a. In the case of distance 0.42a, the amplitude of the reflected
wave is smaller than that of distance 1.41a. In Fig. 5(c), both the
Please cite this article as: H.Z. Wang, et al., A 2D rods-in-air square-
Opt. (2010), doi:10.1016/j.ijleo.2009.06.002
incident and reflected waves are not clearly separated and the
reflected wave delayed by 30 a/c after the incident wave. Fig. 5(e)
shows the case of distance 2.12a, in which the energy flow of the
reflected wave is 7.3% and smaller than those at distances 0.42a

and 1.41a, from the previous analysis. In Fig. 5(e), the amplitude of
the reflected wave is the smallest among Fig. 5(a), (c), and (e).
However, in the case of distance 2.12a, the time delay between the
incident and reflected waves, 130a/c, is the largest among Fig. 5(a),
(c), and (e). It can be concluded that the reflected wave was
changed with respect to both amplitude and time delay in the
case of variant position of a single inserted rod. As a result, the
changed reflected wave affects the net energy flow ratio counted
by the left detector. The more powerful the reflected wave, the less
net energy flow counted by the left detector. It is noted that
Fig. 5(a), (c), and (e) are plots at one point (�7, 0). However, the
energy flow collected by the left detector is a line integral from
(�7, �1) to (�7,1). Ez plots vs. time at one point in Fig. 5(a), (c),
and (e) only provide a valuable and reasonable, but not strict,
explanation to the valley-shaped net energy flow ratio of the left
channel.

Assuming that the reflected wave is produced by a single
inserted rod, whose position is (0, 0), the time delay between
the incident and reflected waves at point (�7, 0) should be
lattice photonic crystal optical switch, Opt. Int. J. Light Electron.
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(2[0�(�7)]a)/c=14a/c from the viewpoint of classic optics.
However, the time delays in Fig. 5(a), (c), and (e) are much
greater than 14a/c. It shows that light does not propagate directly
between the left detector and the single inserted rod. Light
encountered more reflections with PhC walls of the left channel,
which consequently increases the delay time of the reflection
wave to a large extent.

Fig. 5(b), (d), and (f) show the plots of Ez vs. time at point
(0, �7), which is the center of the upper detector, corresponding
to distances 1.41a, 0.42a, and 2.12a, respectively. These plots
illustrate there is one wave in the upper channel. The amplitude of
Ez at the distance 2.12a [Fig. 5(f)] is larger than those at distances
1.41a [Fig. 5(b)] and 0.42a [Fig. 5(d)]. The greater amplitude of Ez,
the more net energy collected by the upper detector. This
conclusion is also illustrated in Fig. 4, in which the ratio of the
net energy flow in the upper channel is 45.7% at a distance of
0.42a, 2.5% at a distance of 1.41a, and 84.9% at distance of 2.12a.
Even though the amplitude of Ez at (0, �7) varies, its maximum
amplitude roughly occurs at time 140 a/c, irrespective of the
positions of the single inserted rod. Assuming that the incident
energy flow passes the left detector at time 100 a/c [Fig. 5(a), (c),
and (e)], the distributed wave arrives at the upper detector
after 40 a/c.

The optical switch application may be considered as follows:
when an appropriate Gaussian TM pulse enters this 2D optical
rods-in-air square-lattice photonic crystal switch, 87.3% of
incident energy enters the upper channel if the position of the
single inserted rod is (0.4, 0.4); if the single inserted rod shifts to
position (0.4, �0.4), the same amount of incident energy enters
the down channel. This kind of switching function is popularly
used in telecommunications.

Another possible application of this 2D rods-in-air square-
lattice PhC structure is used as an optical intensity modulator. It is
noticed [Fig. 4] that, when the position of single inserted rod is in
the range 0.9a–1.4a and 1.5a–2.0a, the ratio of net energy flow
entering the upper channel is approximately linearly controlled
by the position of the single inserted rod. In the distance range
0.9a–1.4a, the ratio of modulation is from 5% to 50% of incident
energy. In this distance range, the modulation coefficient is
(50–5%)/(1.4a–0.9a)=90% of the incident energy per distance
unit (a). In the distance range 1.5a–2.0a, the ratio of modulation is
from 5% to 85% of incident energy. In this distance range, the
modulation coefficient is (85–5%)/(2.0a–1.5a)=160% of the in-
cident energy per distance unit (a), larger than that in the range
0.9a–1.4a. However, the ratio of net energy flow entering into the
right channel increases greatly, up to 20%, in the distance range
1.0a–2.0a. In other words, up to 20% of the incident energy is
leaked into the right channel. This large leakage is a known issue
of optical intensity modulator application.

In order to understand the influence of the size of the inserted
rod to the energy flow, the inserted rod with various sizes from
0.3a to 0.5a was applied to the PhC. The simulation results show
that the relationship between the ratio of net energy flow in each
channel and the position of single inserted rod is as similar as that
in the case of single inserted rod with diameter 0.4a. It is found, by
comparison, that the relationship between the ratio of net energy
flow in each channel and the position of single inserted rod with
various diameter (0.3a, 0.4a, and 0.5a) shift with the position of
single inserted rod. The comprehensive discussion will be carried
out in future publications.

It should be pointed out that this study was mainly focused on
the energy flow inside a PhC; however, the special profile of the
light affected by PhC and additional optical fibers at the entrance
and exit of PhC have not been studied. New software is needed to
investigate the special profile and interaction between PhC and
external optical fibers.
Please cite this article as: H.Z. Wang, et al., A 2D rods-in-air square-
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4. Conclusions

A 2D rods-in-air square-rod photonic crystal optical switch was
studied using simulation. It was found that the amount of energy
entering different channels was strongly related with the position of
a single inserted rod. Up to 87.3% of incident energy of TM Gaussian
point source was switched into the upper channel. The relation
between the position of the single inserted rod and net energy flow
ratio in each channel has been discussed. The position of a single
inserted rod affects the reflected wave of the left channel to a great
extent. The time delay of the incident and reflected waves in the left
channel is also largely related to the position of the single inserted
rod. The magnitude of time delay shows that light experienced
more reflections in the left channel. This investigation suggests that
this compact 2D PhC optical switch structure could be a prospective
and practical optical switching device, particularly in the field of
integrating optical circuit.
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